Reversible addition-fragmentation chain transfer (RAFT) polymerization initiated by a radical-forming redox reaction between a reducing and an oxidizing agent (i.e. 'redox RAFT') represents a simple, versatile, and highly useful platform for controlled polymer synthesis. Herein, the potency of a wide range of redox initiation systems including enzymemediated redox reactions, the Fenton reaction, peroxide-based reactions, and metal-catalyzed redox reactions, and their application in initiating RAFT polymerization, are reviewed. These redox-RAFT polymerization methods have been widely studied for synthesizing a broad range of homo-and co-polymers with tailored molecular weights, compositions, and (macro)molecular structures. It has been demonstrated that redox-RAFT polymerization holds particular promise due to its excellent performance under mild conditions, typically operating at room temperature. Redox-RAFT polymerization is therefore an important and core part of the RAFT methodology handbook and may be of particular importance going forward for the fabrication of polymeric biomaterials under biologically relevant conditions or in biological systems, in which naturally occurring redox reactions are prevalent.
Introduction
Reversible deactivation radical polymerization (RDRP) methods such as atom transfer radical polymerization (ATRP), [1] nitroxide-mediated polymerization (NMP), [2] and reversible addition-fragmentation chain transfer (RAFT) polymerization [3] have played a significant role in the paradigm shift towards the synthesis of tailor-made polymers with predetermined size, composition, and architecture. The speed with which polymers can be synthesized in a controlled manner via RDRP has become an interesting scientific discussion. [4] Among the RDRP methods, the RAFT technique has been of great interest to polymer chemists due to its compatibility with a diverse range of reagents (i.e. monomers, catalysts, etc.), and its versatility towards various operating conditions.
[5] A typical RAFT reaction involves the use of a radical initiator to induce a chain growth process which is mediated by participating in a degenerative chain transfer for rapid 'deactivation' of the propagating radical with a highly efficient chain transfer agent (CTA) -typically a thiocarbonylthio-containing compound, that is referred to in this role as a 'RAFT agent' (Scheme 1a). [3] RAFT agents have been demonstrated to be versatile [6] and highly efficient chain transfer agents for such purposes [7] while maintaining excellent tolerance towards a wide range of chemical functionalities. [5c,8] It is known that RAFT polymerization is the process, as the RAFT agent is used in the free radical polymerization to achieve well controlled polymers. [7] The general mechanism of RAFT is shown in Scheme 1b, where an initiation step results in the addition of monomer (M) to the active radical and subsequent propagating polymer chain (P n ) with rate constant k p . The degenerative chain transfer process occurs across the thiocarbonyl group of the RAFT CTA, securing a radical intermediate that may fragment to liberate the R group from the RAFT agent. The released R group radical then re-initiates the polymerization, producing another actively propagating polymer chain (P m ). Although thiocarbonylthiobound polymer chains (P n and P m ) are dormant -i.e. they do not react directly with available monomers -they participate actively in the dynamic equilibrium with propagating radical chains. Therefore, while only propagating polymers (P n and P m ) would actively participate in polymerization reactions, they may transfer the radical to a dormant chain, thereby becoming dormant themselves while activating previously dormant thiocarbonylthio compounds. The equilibrium between active propagating and dormant chains provides a distributed opportunity for all chains to grow evenly, resulting in polymers with well controlled or low dispersity ( ) molecular weight distributions. [3a,9] RAFT polymerization has been initiated by a broad range of physical and chemical stimuli including thermally activated azo-initiators (e.g. azobisisobutyronitrile (AIBN) [3a,5a] or 2,2 0 -azobis [2-(2-imidazolin-2-yl) propane] dihydrochloride (VA-044) [5b,5c] ), enzyme-mediated reactions, [10] and photoinduced processes. [6, 11] Nevertheless, researchers are always keen to look for new approaches that can address various drawbacks of these systems. For instance, the rate of visible light-induced RAFT polymerization is very slow in the absence of photo catalysts. [12] Although the rate of RAFT polymerization catalyzed by photoredox catalysts is relatively fast, such photo catalysts (e.g. iridium and ruthenium-based ones [11d,13] ) are quite costly. Likewise, photo-mediated RAFT polymerizations may face difficulties in terms of the equipment required to perform photo-initiation in a scaled-up process.
[5b] With the use of azo-initiators, elevated temperatures are required, limiting the potential for in situ RAFT polymerization in biological systems where heat may denature biological components. [14] The employment of such thermally activated initiators will confine the flexibility of the RAFT process when different reaction temperatures are necessary. [9] Redox-initiated RAFT polymerization ('redox-RAFT') techniques can allow for a simple ambient temperature initiation without the need for external stimuli, and therefore offers an attractive alternative to thermal and photo-based techniques.
[5b,5d,15] Such redox-RAFT polymerization systems have many advantages over other RAFT processes including low needed activation energies, facile control over the polymerization rate at low temperatures, high elimination of the side reactions, and very short induction periods. [15c,15d,16] From an industrial standpoint, the use of a redox initiation system at ambient temperature is highly practical and easy to perform as simple, cheap, and effective redox pairs can be employed.
[5b]
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RAFT Z Scheme 1. (a) General molecular structure of different RAFT agents, consisting of a thiocarbonylthio group with R and Z substituents. (b) General illustration of proposed mechanisms for the RAFT polymerizations, indicating initiation, pre-equilibrium, re-initiation, and main RAFT equilibrium steps.
Redox Pairs for RAFT Initiation
Bai and co-workers [15b] reported a non-aqueous redox-RAFT polymerization of methyl acrylate (MA), methyl methacrylate (MMA), and styrene (St) in bulk (or tetrahydrofuran (THF) solution) in the presence of the CTAs benzyl 1H-imidazole-1-carbodithioate (BICDT) and 2-cyanoprop-2-yldithiobenzoate (CPDB) by using a traditional redox system consisting of benzoyl peroxide (BPO)/N,N-dimethylaniline (DMAn), performed at room temperature. In both bulk and THF solution they accomplished well controlled polymers with values below 1.2 and experimental molecular weights matched well with their theoretical values.
[15b] Bai and his group later published an application of the BPO/DMAn redox couple in initiating the RAFT polymerization of a vinyl azide monomer (i.e. 4-azidophenyl methacrylate, APM), along with BICDT and CPDB as CTAs, in dimethylformamide (DMF) as solvent at room temperature.
[15f] The obtained experimental results showed that the redox-RAFT polymerization bore all the hallmarks of a living radical polymerization, and the azide-based polymeric products possessed controlled molecular weight and low values. RAFT co-polymerizations of APM with MA, MMA, and St were also successfully conducted.
Various redox initiation systems have also been employed for the aqueous RAFT polymerization of temperature-sensitive monomers such as N-isopropylacrylamide (NIPAM) [15d] and N-vinyl pyrrolidone (VP).
[15e] For instance, Bai and coworkers [15d] have demonstrated the use of an inexpensive and effective redox system consisting of potassium persulfate (KPS, K 2 S 2 O 8 ) and sodium thiosulfate (STS, Na 2 S 2 O 3 ) for the aqueous RAFT polymerization of NIPAM and acrylamide (AM) in the presence of 2-(1-carboxy-1-methyl-ethylsulfanylthiocarbonylsulfanyl)-2-methyl-propionic acid (CMP) as RAFT agent at room temperature. High molecular weight linear PNIPAM and PAM with low values (, 1.15 for NIPAM and , 1.40 for PAM) were achieved. Control of the RAFT polymerization and its 'livingness' (i.e. retention of the thiocarbonylthio moiety) was demonstrated by kinetic studies and chain extension experiments. Another redox pair consisting of tert-butylhydroperoxide (TBHP)/ascorbic acid (AsAc) was used for the initiation of an aqueous RAFT polymerization of VP at ambient conditions in the presence of a xanthate ethyl dithiocarbonate, XA) without any observable side reactions.
[15e] High monomer conversions (. 90 %) and high molecular weight polymers with low values (, 1.3) were successfully obtained. High chain-end fidelity of the RAFT agent in polymer chains was demonstrated by synthesizing poly(acrylamide) (PAM)-PVP diblock copolymers and matrix-assisted laser desorption ionization time-of-flight (MALDI-ToF) analysis.
[15e]
The TBHP/AsAc redox pair has been also taken to initiate RAFT polymerization of N-vinylcaprolactam with XA in water/ethanol solvent mixtures at ambient conditions. Monomer conversion values increased with an increase in water volume fraction in the solvent mixture because of an enhanced polymer solvation. [17] Junkers and co-workers introduced an acid-induced redox initiation system (i.e. cyclohexanone (CH)/TBHP) to aqueous RAFT polymerization of n-butyl acrylate with 2-(dodecylthiocarbonothioylthio) propionic acid (DoPAT) at room temperature. An acid (p-toluenesulfonic acid) was used in conjugation with the CH/TBHP redox pair as catalytic co-initiator.
[15a]
Destarac and co-workers reported aqueous RAFT polymerization of VP with a xanthate CTA initiated by the TBHP/ Na 2 SO 3 as redox pair. [18] In this work, they replaced the AsAc used in their previous study [15e] with Na 2 SO 3 because it is a reducing agent which allows for a faster reaction under basic conditions, therefore minimizing the formation of N-(a-hydroxyethyl)pyrrolidone -the main by-product of VP polymerization conducted under acidic conditions. This redox-RAFT process was ultimately used for the aqueous synthesis of PVPbased hydrophilic diblock copolymers including PAM-b-PVP and poly(acrylic acid)-b-PVP through the VP polymerization at room temperature using several hydrophilic macro-RAFT initiators, leading to well controlled copolymers. Later, Perrier and co-workers [5b] employed the TBHP/AsAc redox pair for the aqueous room temperature polymerization of multiblock copolymers (up to seven blocks) consisting of different polymer blocks such as poly(4-acryloylmorpholine) (PNAM), PNIPAM, and poly(2-hydroxyethyl acrylate) (PHEA), with the final , 1.35. Scheme 2a shows the structures of all reagents used in this work. As an example, Scheme 2b illustrates the strategy for the synthesis of the acrylate/acrylamide heptablock copolymers. The high livingness/end group fidelity is seemingly retained, highlighted by the successive shifts in molecular weight distribution after each block extension. The main benefit of employing this redox-RAFT polymerization is the possibility to incorporate thermo-responsive blocks and to limit side reactions that are sometimes observed in the polymerization of acrylatetype monomers at high temperatures.
[5b] Table 1 summarizes the reagents employed for synthesizing linear polymers in some redox-initiated RAFT processes.
Using the same redox pair (TBHP/AsAc), Kempe and coworkers reported the synthesis of novel, thermo-responsive comb polymers from alternating N-acylated poly(aminoester)s via a combination of spontaneous zwitterionic copolymerization and redox-initiated RAFT polymerization. [19] On the basis of the above, Kempe's group has successfully prepared a series of functional comb polymers from multi-stimuli responsive poly (aminoester) macromonomers.
[20] Therefore, it can be concluded that the redox-initiating system was especially appealing to the polymerization of thermoresponsive (macro)monomers. More recently, Perrier's group [21] investigated the performance of three different redox initiating systems, TBHP/AsAc, TBHP/ Brüggolit FF7 (Brug7), and ammonium persulfate (APS)/SFS by following the kinetics of a model RAFT polymerization. It was found that the TBHP/Brug7 redox pair displayed the fastest polymerization rate with excellent control over molecular weight and polydispersity compared with other redox initiating systems. [21] Armes and co-workers reported the preparation of pyrrolidone-based homo-or block-polymers via RAFT aqueous polymerization using the KPS/AsAc redox pair at 308C. [22] In all the above-mentioned studies the redox initiation systems employed for room temperature RAFT polymerization require the simultaneous addition of both reducing and oxidizing agents. An amine-containing vinylic monomer (2-vinylpyridine (2VP)) has been reported to participate in the initiation stage of an aqueous RAFT process at room temperature, as shown by Xin and co-workers.
[15c] In other words, redox-RAFT of 2VP was carried out in the presence of BPO as oxidizing agent without any reducing agent. It was claimed that the amine-based 2VP together with BPO generated benzoyloxyl radicals via a redox reaction, providing initiating radicals to stimulate the RAFT polymerization. This was proved further by demonstrating that St (an amine-free monomer) could not polymerize through this process. Although well defined P2VPs with low values (, 1.2) were achieved, the monomer conversion after 24 h was less than 50 % indicating the rate of polymerization in this redox-RAFT system was very low.
[15c]
RAFT Polymerization Initiated by Ternary EnzymaticRedox Systems
Enzymes, the proteins that catalyze biological reactions, have been recently employed to effectively initiate various RAFT polymerizations. Among them, horseradish peroxide (HRP) and glucose oxidase (GOx) have attracted special attention due to their ability to generate initiating radical species and consume oxygen, respectively. An and co-workers [23] harnessed the ability of a HRP/H 2 O 2 /acetylacetone (ACAC) ternary initiating system for the RAFT polymerization of N,N-dimethylacrylamide (DMA), HEA, VP, poly(ethylene glycol) methyl ether acrylate (PEGA), and poly(ethylene glycol) methyl ether methacrylate (PEGMA) using a trithiocarbonate (2-ethylsulfanylthiocarbonylsulfanyl-propionic acid methyl ester) and a xanthate (2-ethoxythiocarbonylsulfanyl-2-methyl-propionic acid 2-hydroxy-ethyl ester) as CTAs at mild, biocompatible, and ambient conditions. HRP can catalyze the oxidation of ACAC (with the co-substrate H 2 O 2 ) to generate ACAC radicals capable of initiating the RAFT polymerization (Scheme 3). In more detail, the HRP facilitates an electron transfer by converting a two-electron oxidation of ferriprotoporphyrin units by H 2 O 2 into two subsequent single electron transfer steps to generate two ACAC radicals (step I) which then initiate polymerization of DMA (step II). [24] Well defined and high molecular weight homopolymers and di-/tri-block copolymers with low values and high monomer conversions were readily achieved in aqueous buffer solution (pH 7) at low HRP concentrations via this ternary enzymatic redox-RAFT polymerization. [23] Independently, Konkolewicz and co-workers [25] also demonstrated the use of this enzymatic redox initiating system for the RAFT polymerization of DMA, NIPAM, and oligo(ethylene oxide) methyl ether acrylate (OEOA) in the presence of (2-propionic acid)yl ethyl trithiocarbonate (PAETC) as CTA in a buffer solution (pH 5.5) at room temperature. Although high monomer conversion values were achieved, the values were above 1.25. This HRP-initiated RAFT was used to create block copolymers and protein-polymer conjugates. Recently, Konkolewicz and co-workers provided more detail about the Approach for the one-pot synthesis of multiblock copolymers in H 2 O/dioxane at room temperature using TBHP/AsAc redox initiation system. (Note: the synthesis of the acrylate/acrylamide heptablock copolymer is used as an example.) [5b] mechanism of this HRP-mediated RAFT polymerization. [26] These papers introduced a burgeoning interest in the use of biocatalysts for RAFT (and other controlled) polymerizations. [23, 24] The use of biocatalysts such as enzymes in RAFT polymerization is promising for a more 'green' synthesis of well defined polymers. The promising results demonstrated to date may pave the way for the fabrication of bio-based polymers under biologically relevant conditions.
Another ternary enzymatic-redox initiating system that has been employed for the initiation of RAFT polymerization consists of glucose oxidase (GOx) and D-glucose, along with a reducing agent capable of reacting with the H 2 O 2 produced by the GOx enzyme. GOx has been used extensively for dissolved oxygen removal in various RDRPs. It can catalyze the oxidation of D-glucose to D-gluconic acid (or 2-dehydro-D-glucose) in the presence of molecular oxygen, generating H 2 O 2 as a byproduct.
[27] The GOx-generated H 2 O 2 can react with an added reducing agent to produce highly reactive hydroxyl radicals (HO ). [28] An and co-workers utilized the formation of such hydroxyl radicals for initiating an aqueous RAFT polymerization of DMA at low temperatures in the presence of air (in either open or sealed reaction vessels) under different operating conditions (i.e. stirring speed, temperature (30 and 408C), pre-polymerization incubation time, and concentrations of the reagents) by using AsAc as the reducing agent. [28] An and coworkers have also demonstrated the use of a dual-enzyme cascade methodology in which the GOx/D-glucose/O 2 system is combined with the HRP/H 2 O 2 /ACAC system to generate the requisite initiating ACAC radicals (Scheme 4). [23] This GOx-HRP-mediated RAFT polymerization showed pseudo first-order kinetics regarding monomer conversions, well controlled polymers (i.e. PDMAs) with low values (, 1.2), and experimental molecular weights well matched with theoretical values.
An and co-workers took the enzymatic cascade system in which GOx was replaced with pyranose oxide (P2Ox, a homotetrameric flavoprotein found in root fungi) due to its higher enzymatic efficiency to synthesize hydrophilic multiblock and ultra-high molecular weight (UHMW) polymers via the RAFT process in reaction vessels exposed to air (Scheme 5). [29] They successfully synthesized sequentially controlled multiblock copolymers up to 10 blocks with M n ,100 kDa, and also formed controlled UHMW polymers with M n ,2.3 million Da (MDa) with near-quantitative monomer conversion and low values (, 1.5 for the copolymers and , 1.4 for the UHMW homopolymers). 
RAFT Polymerization Initiated by Fenton Chemistry
Recently the power of Fenton chemistry has been used to initiate RAFT polymerization by Qiao and co-workers. [30] It was initially introduced for the initiation of a RAFT process by using ferrous ions, i.e. Fe II , and H 2 O 2 to speed up the polymerization rate, and termed as Fenton-RAFT polymerization (Scheme 6a). [30a] Several approaches to increase the rate of RAFT polymerization had previously been reported, such as the employment of microwave reactor technology, [31] the use of various photoinitiators, [32] or elevated reaction temperatures. [33] Likewise, some early flow reactor experiments appear promising for increasing the reaction kinetics.
[34] Nevertheless, these works do not represent a step-change in the choice of initiation pathway, but rather an improvement of the traditional approaches. The aqueous Fenton-RAFT polymerization was demonstrated as an ultra-fast, easy to set-up, and oxygen tolerant process at ambient temperature. Polymerization of different water-soluble vinyl monomers (e.g. DMA, NAM, and HEA) was successfully accomplished with moderate monomer conversions (. 65 %) and low (, 1.1) values, and experimental M n matching theoretical values. The extremely rapid polymerization timescales (, 60 s) make this new technique of great interest in the development of the machine-programmable synthesis of polymers in high-throughput arrays. Afterwards, biological Fenton reagents (i.e. GOx and hemoglobin (Hb)) were also employed successfully for a Fenton RAFT polymerization in the presence of airtermed as BioRAFT.
[30c] This BioRAFT polymerization led to well controlled polymers with near-quantitative conversion within 6 h. The resultant linear polymers showed very narrow dispersities ( , 1.1) and molecular weights in agreement with their theoretical values. The BioRAFT system, therefore, offered fascinating opportunities for in situ radical generation, and 'blood-catalyzed' reactions (in non-modified ovine blood) were demonstrated (Scheme 6b). In these reactions, it was hypothesized that the red blood cells could act directly as the catalyst for the Fenton reaction, via their iron-rich Hb enzymes, providing initiating radicals for RAFT polymerization when used in conjunction with the H 2 O 2 -generating GOx enzyme. Lysis of the red blood cells in reverse osmosis (RO) water (unbuffered water) was required for the reaction to proceed due to the release of Hb into the reaction solution increasing its availability for subsequent participation in the Fenton process. Taken together, obtained results indicated that the content of red blood cells could be exploited as precursors for the Fenton reaction-mediated radical polymerization, potentially even exploiting the natural production of H 2 O 2 from certain biological responses to provide the peroxide required to complete the redox process. 
Scheme 3. Proposed mechanism of HRP-initiated RAFT polymerization. Enzyme structure represents HRP. [23] Glucose Gluconolactone
Scheme 4. Schematic illustration of GOx-HRP cascade catalysis for the generation of ACAC radicals requisite for initiating RAFT polymerization in the presence of dissolved oxygen (air). H 2 O 2 is first generated by the GOx/ D-glucose system then acts as a co-substrate in the production of ACAC via the HRP-mediated reaction. [23] Inspired by the dual catalyst system (i.e. GOx/Hb) in the BioRAFT technique that supplies hydroxyl radicals in a controlled manner, synthetic H 2 O 2 was carefully and continuously dosed into the reaction solution by using a syringe pump, leading to the synthesis of well defined polymers with low values and full monomer conversions, which wasn't previously attainable without careful metering of the H 2 O 2 concentration.
[30b] By restricting the immediate flux of initiating radicals, metered 
Scheme 6. (a) Proposed mechanism for the Fenton-RAFT polymerization. [30a] (b) Schematic illustration for the bloodcatalyzed Fenton-RAFT polymerization.
[30c] (c) Synthesis of UHMW polymers using Bio-Fenton-RAFT process.
[30e] (d) Proposed mechanism for the deoxygenated MOF-Fenton-RAFT system. 
Scheme 5. Schematic illustration of oxygen-tolerant P2Ox-HRP-meditaed RAFT polymerization and chemical structures of the CTA and monomers (M) employed. [29] H 2 O 2 injection decreases the unwanted radical 'wasting' reac-
) providing access to full conversions with high chain-end functionality.
[30b] The concept of a slow production of hydroxyl radicals led to the successful synthesis of unprecedently large polymers with UHMW values up to 20 MDa through a BioFenton-RAFT process (Scheme 6c) where Hb was replaced by an inorganic source of Fe II to expedite the reaction.
[30e] To mimic the function of GOx synthetically, a syringe pump was employed to gradually add H 2 O 2 into the reaction mixture, leading to UHMW polymers.
The residual of the employed catalysts (i.e. Fe II salt and Hb) remain in the reaction solution at the end of polymerization, presenting a challenging issue for purification in all the abovementioned Fenton-RAFT processes. To overcome this challenge, heterogeneous Fe II -based metal-organic framework (MOF) particles were used to initiate the Fenton-RAFT polymerizationtermed as MOF-Fenton-RAFT (Scheme 6d). [35] Well controlled polymers ( , 1.1) with near-quantitative monomer conversions were achieved, even in non-deoxygenated reaction solutions. It was shown that the heterogeneous MOF catalyst could be easily removed via centrifugation, recovered, and reused (five cycles of reuse shown). The MOF-Fenton-RAFT process may be important for biomedical systems where the presence of free metal catalysts is problematic.
RAFT Polymerization with Direct Activation of RAFT Agents RAFT Polymerization Catalyzed by Transition Metal Catalysts Transition metal catalysts have been widely used in RAFT polymerization at ambient temperature where a RAFT CTA is considered as an alkyl 'pseudohalide', in analogy with ATRP. [9, 36] Use of these catalysts would overcome drawbacks of both conventional RAFT with azo-initiators and ATRP with alkyl halide initiators so that: (1) polymerization at ambient temperature may decrease the possibility of thermal selfinitiation of monomer, thermal cross-linking, chain transfer, and other side reactions.
[36f] Room temperature reactions would also stop the need for conventional thermal initiators which limit the flexibility of the RAFT process in terms of range of polymerization temperature; [9] (2) as shown in Scheme 1b, the initiating radicals are generated directly from the CTA, thus eliminating the formation of new chains resulting from the reaction of radical initiators with propagating polymer chains or monomer during traditional RAFT process; [9,36c,37] (3) using CTA as alkyl pseudohalides (R-X) removes the need for a minimal amount of deactivating high oxidation state metal complex while still retaining low ;
[36b] (4) use of activators regenerated by electron transfer (ARGET) ATRP by employing a reducing agent such as AsAc allows the level of low oxidation state metal catalyst to be minimized to below ppm levels. [36a,37] An example of this approach is the polymerization of the monomers glycidyl methacrylate (GMA), , butyl methacrylate (BMA), 2-(dimethylamino)ethyl methacrylate (DMAEMA), and poly(ethylene glycol)monomethyl ether methacrylate (PEGMA 300 ) using Fe 0 wire, together with 2-cyanoprop-2-yl 1-dithionaphthalate (CPDN) as reported by Zhu and co-workers.
[38] Scheme 7 shows the proposed hybrid mechanism (RAFT and ATRP) for this Fe 0 -mediated polymerization in which Fe 0 acts as an activator that breaks the C-S bond in CPDN, generating initiating radicals in the initial stage required for kicking off the polymerization. In this technique the RAFT agent plays two roles, as an alkyl pseudohalide initiator and a CTA. In the proposed mechanism, the RAFT process is thought to be the dominant mechanism for control due to the efficiency of radical chain transfer. Other zero-valent metals (e.g. cobalt, nickel, manganese, and zinc) were also found to be applicable for the polymerization of MMA, [38] in a similar manner. Proposed hybrid mechanism for GMA polymerization with CPDN as RAFT agent and Fe 0 wire as catalyst. [38] UHMW PMMA (M n . 1 MDa) and high molecular weight PSt (M n . 0.5 MDa) polymers were successfully synthesized for the first time within an RDRP system by using ppm levels of Cu I complex catalyst and cumyl dithiobenzoate (CDB) via the ARGET ATRP process under atmospheric pressure by Matyjaszewski and co-workers. [37] AsAc was used as the reducing agent to regenerate the active, lower oxidation state catalyst. This approach provided excellent control over M n , , and chain-end fidelity. Moreover, a minimal concentration of deactivating Cu II complex is not required for the retention of low values, unlike typical ARGET ATRP techniques. With the same methodology, Zhang and co-workers employed inorganic compounds, cupric oxide (CuO) or cuprous oxide (Cu 2 O), in the polymerization of MMA with CPDN at room temperature, resulting in well defined polymers with low dispersity values ( , 1.25) . [36a] These reactions using RAFT agents as alkyl pseudohalides could be a preferred technique from both environmental and industrial viewpoints. Some works have also reported the use of Cu-based organometallic catalysts, e.g. copper(II) acetylacetonate (Cu(acac) 2 ), [40] copper(II) hexafluoroacetylacetonate (Cu(hfa) 2 ), [40] and copper(II) acetate (Cu (OAc) 2 ), [41] for the RAFT polymerization of MMA and styrene (St) at high temperatures (80 and 1208C). It could be noticed that the polymerization rate at elevated temperatures was higher than that of processes at room temperature.
RAFT Polymerization in the Absence of Transition Metal Catalysts
The majority of the transition metals employed to catalyze the above-mentioned RAFT systems are considered toxic, with the need to remove them from the polymer post-synthesisespecially for biological and biomedical applications. [42] Moreover, these catalyst complexes increase the cost of production since the techniques used to purify the polymers are usually quite expensive. [43] Recently, Maxiniano et al. [43] have introduced a metal-free dissociative electron transfer (DET)-RAFT system at ambient temperature using sodium sulfite as the catalyst. These preliminary studies resulted in well controlled polymerizations for methyl acrylate (MA), St, and MMA monomers with values , 1.2. Scheme 8 illustrates the proposed mechanism of the DET-RAFT system where the initial dissociation of dithionite anions into SO 2 À is thermally driven, followed by the transfer of an electron to the CTA due to the difference in their redox potentials, resulting in a radical anion capable of fragmenting reversibly to activate the RAFT polymerization.
This mechanism is similar to that proposed by Boyer and colleagues for photo-redox catalyzed RAFT reactions via photoinduced electron/energy transfer (PET-RAFT).
[11d] The RAFT polymerizations of various monomers can be achieved via a PET process by incorporating a suitable photoredox catalyst. Under irradiation, the employed photoredox catalyst is able to reduce the RAFT agent to generate an initiating carbon-centred radical (R ) and a resonance-stabilized anion specie ( À S-C (=S)-Z), along with the photoredox catalyst in an elevated oxidation state. The resulting anion specie would back transfer an electron to the catalyst, leading to the generation of dormant species and the photocatalyst in its ground state. The PET-RAFT process has been demonstrated to be tolerant to oxygen due to the strong reductive capacity of the photocatalysts. [44] This robust technique was further combined with a high throughput (HT) approach to prepare a library of linear or star polymers in HT using 96-or 384-well plates.
[45] For a comprehensive overview of the PET-RAFT polymerization the reader is referred to the following recent reviews. [13, 46] A newly emerging photo-initiated cationic RAFT polymerization of vinyl ethers in which the activation of a photocatalyst results in the direct activation of RAFT agent, has been recently reported by Fors and his group.
[47] Inspired by these works, Fors and co-workers [48] activated the cationic RAFT polymerization of isobutyl vinyl ether by the electrochemical oxidation of a dithiocarbamate CTA, which led to well controlled polymers with experimental molecular weights well matched with theoretical values.
Conclusion
The capability and potency of redox-initiated RAFT polymerization has been illustrated in this review. From an industrial point of view, such redox-RAFT reactions may play a significant role in the fabrication of different types of polymers due to the simple control over the reaction at room temperature and the low activation energies. Examples of redox-RAFT polymerizations are given which show great potential for the synthesis of libraries of well-defined polymers with a wide range of tailored architectures via high throughput systems at room temperature, as well as in situ polymerization in bio-related environments, favourable for various applications, especially biological and biomedical systems. 
Scheme 8. General mechanism of SET-induced RAFT polymerization using SO 2 À and a dithioester-based RAFT gent. [43] 
